The parathyroid hormone-related peptide (PTHrP) gene was disrupted in murine embryonic stem cells by homologous recombination, and the null allele was introduced into the mouse germ line. Mice homozygous for the PTHrP null mutation died postnatally, probably from asphyxia, and exhibited widespread abnormalities of endochondral bone development. Histological examination revealed a diminution of chondrocyte proliferation, associated with premature maturation of chondrocytes and accelerated bone formation. Analysis of earlier developmental stages revealed that disturbance in cartilage growth preceded abnormal endochondral bone formation. There were no morphological abnormalities apparent in other tissues. These results provide direct evidence implicating PTHrP in normal skeletal development and serve to emphasize its potential involvement in human osteochondrodysplasias.
tion, neurotransmission, transplacental calcium transport, and smooth muscle relaxation (for review, see Martin et al. 1991) .
In spite of this wealth of information, defining the function of PTHrP has been difficult, given that its synthesis and secretion are not limited to a specific tissue. To gain further insight into the physiologic role of PTHrP, we have disrupted this gene in murine embryonic stem (ES) cells by homologous recombination and have generated a mouse strain deficient in PTHrP. Mice homozygous for the mutated PTHrP gene die at birth, probably of asphyxia, and exhibit a multitude of skeletal deformities phenotypically consistent with a form of osteochondrodysplasia. These results suggest a critical role for PTHrP in the process of normal skeletal development.
Results

Construction of the vector and targeted disruption of PTHrP gene in ES cells
To clone the mouse PTHrP gene a probe was generated by PCR amplification of rat genomic DNA [done before the report of Mangin et al. (1990) on the cloning of the murine PTHrP gene] using primers derived from exon III (the homolog of mouse exon IV) sequences (Karaplis et al. 1990) . Using this probe, a BALB/c mouse genomic library was screened, and three clones were isolated and plaque purified. One clone, \-I8, was used for construction of the targeting vector. This clone contained the murine PTHrP exon IV and V, encoding the mature 139-amino-acid protein and the 3'-untranslated region.
To target the PTHrP gene, a sequence replacement vector was designed using the pPNT plasmid (Tybulewicz et al. 1991 ) and fragments of the cloned PTHrP gene isolated from X-18 (Fig. la) . Approximately 7 kb of PTHrP genomic DNA was used for the construction of this vector. A 3.5-kb genomic fragment from sequences 5' to exon IV and a 3.6-kb Sacl-BamHl fragment 3' to exon IV were inserted into the Xhol and £coRI sites of pPNT, respectively, to generate the targeting vector pPNT-PTHrP. A double crossing-over event would substitute the bacterial neomycin resistance gene (neo^) selectable marker for 1.2 kb of endogenous sequences [Pstl-Sacl] containing exon IV (Fig. lb) . Because this exon comprises nearly all of the coding region of the mature protein, the disruption would be predicted to result in a null allele. The presence of the polylinker sequence 3' to the neo'^ gene also introduced a new £coRI restriction site into the allele (Fig. la, b) , thereby, allowing for detection of homologous recombination events with Southern blot analysis.
pPNT-PTHrP was linearized at the unique Noll site and introduced into 8x10^ recipient D3 ES cells (Doetschman et al. 1985) by electroporation (final concentration, 30 }jLg/ml). Enrichment for mutant ES cells with one damaged PTHrP allele was achieved using positivenegative selection (Capecchi 1989 ) with the drugs G418 and I-[2-deoxy, 2-fluoro-3-D-arabinofuranosyl]-5-iodouracil (FIAU). The enrichment attributed to FIAU selection was -17-fold (data not shown).
After selection, colonies resistant to both drugs were expanded clonally, and identification of clones with a disrupted PTHrP gene was accomplished by Southern blot analysis. Hybridization of an £coRI digest from these clones with probe A (Fig. lb) , located adjacent to the 3' side of the homology region present in the targeting vector, showed the >20-kb fragment from the wildtype allele, as well as the expected 6.7-kb fragment from the targeted PTHrP locus (Fig. Ic) . Ninety-five doubly resistant clones were analyzed and six independent homologous integration events were identified. Thus, homologous recombination was observed in 6% of all doubly resistant clones. The targeted clones were analyzed further by Southern blotting to verify the success of the targeting event (Fig. Ic) . Thus, probe A detected a 6.7-kb EcoKl-Kpnl fragment generated from the wild-type 11-kb EcoRl-Kpnl fragment after disruption of the PTHrP gene. Moreover, probe B, derived from sequences within the region of homology in the targeting vector, recognized a 1.0-kb fragment after PvuII digestion of the wildtype allele, as well as a 1.8-kb PvuII fragment arising from the disrupted allele, but no other PvuII fragments. The absence of additional random copies of replacement vector was verified by Southern blot analysis using neo' as probe (data not shown).
Generation of chimeric mice and germ line transmission
Cells from three independent mutant clones (6, 43, and 95) were introduced by microinjection into blastocysts of C57BL/6 mice to generate chimeric mice. Both clones 43 and 95 resulted in extensively chimeric male mice in the progeny, as determined by the presence of agouti coat color in the offspring. Five male chimeras (three from clone 43 and two from clone 95) gave germ-line transmission of the mutated PTHrP allele when mated to C57BL/6 females. Mice heterozygous for the targeted allele were identified by Southern blot analysis of tail genomic DNA. As expected, 50% of the agouti offspring carried the mutated PTHrP allele. These animals had no apparently distinct phenotype when compared with their wild-type littermates, grew normally, and were able to breed successfully. Chimeras from clones 43 and 95 were used to establish breeding colonies in the inbred 129 and outbred C57BL/6 backgrounds.
Disruption of PTHrP gene results in perinatal recessive lethality
To define the consequenses associated with complete absence of PTHrP, heterozygous mice were interbred and offspring were analyzed again by tail-tip DNA analysis 3 weeks after birth. From a total of 320 offspring analyzed, no homozygous PTHrP mutants were identified (Fig. 2a) ; this pattern suggested that absence of PTHrP was lethal. To characterize further the time point of lethality in homozygous mice, fetuses at day 18.5 of gestation were (probe C) a 469-bp Avrll-PvuII fragment containing most of exon IV, was used to confirm the absence of exon IV from the genome of PTHrP homozygous mutants (see Fig. 2c ). (c) Southern blot analysis of ES clones targeted with the pPNT-PTHrP vector. Genomic DNA (5 (xg) prepared from nontransfected D3 ES cells (wtj and successfully targeted clones (6, 17, 43, 56, 81, 95) was digested with £coRI, EcoRl-Kpnl, or Pvull, Southern blotted, and probed with probes A or B, as shown. The sizes of genomic DNA fragments expected from the normal (-t-) and disrupted (-) alleles are indicated.
removed by cesarean section and genotyped by Southern blotting of tail genomic DNA (Fig. 2b) . These analyses showed the presence of PTHrP homozygous mutant offspring, which appeared phenotypically distinct from wild-type and heterozygous littermates (see below). From witnessing spontaneous, full-term births as well as the behavior of animals delivered by cesarean section near term, it became evident that mice missing PTHrP died immediately after birth. These animals were hypotonic and made feeble attempts to breathe. Their skin color remained bluish-gray until they died within minutes of birth. Thus, PTHrP-negative homozygous mice survived until birth but died immediately after delivery, possibly from respiratory failure. Characteristically, these animals exhibited size and body weight similar to those of their wild-type and heterozygous littermates but had distinct phenotypic features characterized by domed skull, short snout and mandible, protruding tongue, and disproportionately short limbs (Fig. 3a) . intensity to the wild-type allele (1.0 kb) was detected in the heterozygous animals, whereas genomic DNA from homozygous fetuses contained only the mutant fragment, (c) Tail genomic DNA from previously genotyped 18.5-day-old fetuses was restricted with BamHl, subjected to Southern blot analysis, and probed with a 469-bp Avrll-PvuII fragment containing most of exon IV (probe C; Fig. lb) . The genotype of individual offspring is shown above the appropriate lane. (+ / +) Wild type; (-i-/ -), heterozygous; (-/ -) homozygous mutant.
pattern of inheritence, suggested that homozygous fetuses were not subject to prenatal lethahty. To confirm that the homozygous mutant fetuses were devoid of mature PTHrP-coding sequences, tail genomic DNA from previously genotyped fetuses was restricted with BamHl, transferred to nitrocellulose filters, and hybridized with a 469-bp Avrll-Pvull fragment containing most of exon IV (probe C; Fig. lb) . In wild-type and heterozygous fetuses, this probe detected the expected 6.4-kb BamHl fragment (Figs, la and 2c). However, the probe failed to hybridize to genomic DNA from homozygous fetuses; this result confirmed the deletion of exon IV of PTHrP from their genome. The recombinant allele is therefore not capable of directing the synthesis of a functional PTHrP protein.
PTHiP homozygous mutams have abnormahties in endochondral bone developmem
To further assess the phenotypic anomalies observed in the PTHrP homozygous mutants, whole 18.5-day postcoitum fetuses were stained with alizarin red S alone or in combination with alcian blue and cleared with potassium hydroxide to delineate the bony skeleton. A multitude of abnormalities became apparent in these preparations. Figure 3 , b and c, shows the lateral and caudal view of the skull, respectively, of a PTHrP homozygous mutant compared with that of a wild-type littermate. In addition to the foreshortening of the snout and mandible and the doming of the skull, the most striking feature in the homozygous mutant was the excessive degree of mineralization as delineated by staining with alizarin red S. In sharp contrast with the findings in the wild type littermates, the synchondroses of the bones forming the base of the mutant skull and the margins of the foramen magnum had undergone premature calcification/ossification and unification. Moreover, extensive staining with alizarin red S was noted on the tympanic bulla surrounding the inner ears and on the greater cornua of the hyoid bone, processes that normally begin to occur several days postpartum (Johnson 1933) . In contrast to the findings in endochondral (arising from cartilaginous mold) bone of the chondrocranium (cranial base and tympanic bullae), no abnormalities were noted in the cranial vault and in portions of the upper facial skeleton that develop by intramembranous ossification, without replacing a cartilaginous mold.
The advanced mineralization of the mutant cartilaginous skeleton was not restricted to the chondrocranium but was evident throughout the rest of the endochondral skeleton of the PTHrP-deficient mutants. Shown in Figure 3d is the thoracic cage of a wild-type and PTHrPdeficient fetus. In the homozygous mutants there was a striking paucity of the normally unstained cartilaginous portions of the ribs and sternum. As a consequence, the ribs were short and splayed, and the sternum was also shorter than normal; these changes resulted in a narrow, bell-shaped thoracic cage with markedly diminished cross-sectional area (Fig. 3e) .
Distinct calcification/ossification differences were also evident in the vertebral bodies. As shown in Figure  3e , the vertebral bodies were somewhat smaller in height than their normal counterparts and there was clearly advanced ossification involving both the vertebral bodies as well as the articular processes. Advanced ossification was also found in the pelvic bones (not shown).
The appendicular endochondral skeleton also revealed developmental abnormalities arising in the absence of PTHrP. Shown in Figure 3 , g and h, are cleared and stained anterior and posterior appendages, respectively, from normal and PTHrP homozygous mutant fetuses. In the homozygous mutant, the long bones were shorter and thicker than those from normal littermates, and had marked deformities. The bones had mildly splayed ends and irregular metaphyseal margins. Moreover, there was a striking diminution in the cartilaginous nonstaining portions of the bones as indicated by the diminished space between calcified/ossified segments.
Microscopic analysis of mutant skeleton
To define more precisely the cellular basis of the advanced skeletal calcification/ossification process noted in the PTHrP homozygous mutants, paraffin-embedded sections were prepared from various skeletal components of 18.5-day old fetuses. As an example, shown in Figure 4a are sections through the acetabulum from normal and mutant 18.5-day littermates. In the PTHrP homozygous mutant mouse the cartilage was virtually completely transformed into bone, whereas in the nor- 
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The ventral rib cage of the PTHrP homozygous mutants, which stained abnormally with alizarin red S, was also examined histologically. Shown in Figure 4 , b and c (left) is a longitudinal section through the ventral rib cage of a normal fetus at the level of the fifth rib. Here, [a] The mutant exhibits the chondrodysplastic phenotype characterized by a domed skull, short snout and mandible, protruding tongue, narrow thorax, and disproportionately short limbs, (b) Lateral view of the skull showing the shortened and broadened mandible and doming of the mutant skull; note the abnormal staining of the comua of the hyoid bone (he) and the tympanic bulla (tb), as well as the untimely unification of the synchondrosis between the exoccipital (eo) and supraoccipital (so) bones, (c) Caudal view of the base of the skull; as in h, the mutant skull exhibits premature mineralization of the tympanic bullae and a paucity of cartilaginous synchondroses between the basoccipital (bo), exoccipital (eo), and basisphenoid (bs) bones. Note that there is no narrowing of the foramen magnum (fm) where the spinal cord becomes continuous with the medulla oblongata. \d, {top\[ thoracic cage; in the horaozygote the sternum is shorter with no discemible cartilaginous stemebrae (st). The costal cartilage (cc) also demonstrates abnormal mineralization as indicated by alizarin staining, [d [hottorri^ Transverse section of the thoracic cage at the level of the third rib. The mutant specimen shows the markedly diminished cross-sectional area of the thoracic cavity but there is no narrowing of the spinal canal (sc). je) Lumbar spine; note the advanced mineralization of the mutant vertebral bodies (vb) and associated articular processes. The vertebral bodies of the homozygote are somewhat smaller in height. (/) Forelimbs; {g] hindlimbs; note the striking paucity of cartilaginous (nonstaining) components in the mutant specimens. In the homozygous the long bones are shorter and thicker; the humerus (hu), radius (ra), femur (fe), tibia (ti), and fibula (fi) are also deformed. The advanced mineralization process involving the appendicular skeleton is exemplified by the more extensive staining of the wing of the scapula (sw) and the acromion process (ap), and the small bones of the distal extremities, as well as by the presence of ossification centers in the epiphyses. the zone of the rib cartilage is composed of hyalin cartilage surrounded by fibrous perichondrium. In striking contrast, in the PTHrP homozygous mutants [ Figure 4 , b and c (right)j, the rib cartilage was composed of more differentiated (hypertrophic) chondrocytes encased by perichondral bone, as indicated by the presence of characteristic bony matrix, active osteoblasts, and osteocytes. These changes, unlike those seen in the rest of the skeleton, however, do not represent an accelerated normal process; these changes never actually occur in the normal rib cage at this location. Normally, this hyaline rib cartilage calcifies only as part of a degenerative process. No chondrocyte maturation or perichondral bone formation occurs. The absence of PTHrP is thus associated not only with acceleration of the normal endochondral ossification process but also with abnormal maturation of hyaline rib chondrocytes with associated perichondral ossification. It is of interest to note, however, that hyaline cartilage of the trachea, larynx, and articular surfaces from PTHrP homozygous mutants was histologically normal (data not shown).
Because abnormal growth of long bones was an outstanding feature of the PTHrP homozygous mutant phenotype, studies also focused on the morphology of epiphyseal cartilages and growth plates. Light microscopic examination of the growth plates of long bones revealed marked abnormalities in the mutant fetuses as compared with their normal littermates (Fig. 5a,b) . These abnormalities were mainly quantitative and consisted primarily of marked reduction in the height of the cartilaginous zones making up the growth plate. In particular, the zone of resting chondrocytes and the zones of proliferation and maturation were markedly shortened. The columns of proliferating chondrocytes were considerably shorter than normal and were arranged irregularly. The bony trabeculae of the primary spongiosa were shortened considerably and were somewhat distorted, that is, not strictly parallel. Their number was decreased; however, Figure 5 . Proximal tibial growth plate abnormalities in 18.5-day PTHrP homozygous mutants. Light microscopy of growth plate cartilage of proximal tibia (ti) and fibula (fi) the number and morphology of multinucleated chondroclasts and osteoclasts, as well the histological appearance of the periosteal ossification, were normal.
Ontogeny of the skeletal abnormalities
To define more precisely the ontogeny of the skeletal abnormalities associated with PTHrP deficiency, fetuses were examined at earlier times of gestation. Cleared specimens from fetuses 12.5 days postcoitum were stained with alizarin red S and alcian blue and examined for abnormalities. At this developmental stage, the mutant cartilaginous blastemata of long bones (Fig. 6a) , as well as the rest of the cartilaginous skeleton (data not shown), were of apparently similar size and shape to those of their normal counterparts; thus, the process of mesenchymal condensation to form the initial cartilage appeared normal. Whole skeletal preparations from fetuses at 14.5 days of gestation confirmed the nearly normal rate of skeletogenesis in the homozygous mutant animals at this stage of development (Fig. 6b) . However, on careful examination, abnormalities were becoming apparent m rapidly growing bones, that is, the long bones of the forelimbs ( Figure 6c ) and hindlimbs (data not shown). As shown in Fig. 6c , the cartilage primordia of the ulna and radius from homozygous mutants were somewhat deformed and shorter when compared with those from normal littermates. Because the primary ossification centers in these cartilage primordia first appear by -14.5 days postcoitum, the presence of these abnormalities suggests that the absence of PTHrP influences the development of the cartilaginous skeleton before the initiation of endochondral ossification.
Gross and histological analysis of nonskeletal mutant tissues
Because the PTHrP gene is expressed in many fetal tissues in a temporally and spatially specific pattern (Moniz et ai. 1990; Campos et al. 1991; Senior et al. 1991; Stolpe et al. 1993 ), a thorough examination was undertaken to identify abnormalities in nonskeletal organs and tissues from PTHrP homozygous mutants. Gross examination of these animals was unremarkable except for the skeletal deformities already described. Moreover, histological assessment of multiple sections from a number of mutant tissues (listed in Materials and methods) failed to identify any other abnormalities.
Discussion
Endochondral ossification and its disruption in PTHrP homozygous mutant mice
Endochondral bone formation is a complex, multistep process requiring the sequential formation and degradation of cartilaginous structures that serve as templates for the developing bones (for reviews, see Recker 1992; Poole 1993 [Lufkin et al. 1991) and Hoxc-8 (Le Mouellic et al. 1992) help to determine the identities of the specific bones appropriate for each unique region in the body plan. Bone morphogenic proteins (Lyons et al. 1990; Kingsley et al. 1992; Niswander and Martin 1993) , fibroblast growth factor (Niswander and Martin 1993) , and transforming growth factor p (Newman 1988 ) are some of the factors that influence the initial differentiation of mesenchymal cells into chondrocytes. Although disruption of the PTHrP gene in mice has striking effects on the developing skeleton, PTHrP does not appear to influence this stage of differentiation (Fig. 6a) ; rather, it acts at a later stage on committed cells.
The current analysis of the PTHrP-deficient mouse provides a framework for hypotheses on the role of PTHrP in skeletal development. First, PTHrP appears to be needed for normal proliferation of chondrocytes. The absence of this effect is manifested as a marked reduction in the size of the growth plates of long bones. This effect would be expected, and was observed, to be most severe in rapidly growing bones, such as the long bones of the forelimbs and hindlimbs. Similarly, a proliferative abnormality may contribute to the diminished size of the early cartilaginous rudiments, as well. This proliferative abnormality observed in vivo may well correlate with in vitro findings that amino-terminal fragments of PTH promote proliferation of fetal growth plate chondrocytes (Koike et al. 1990; Burch and Lebovitz 1983) . Second, in the absence of PTHrP, chondrocytes differentiate prematurely. This process results in a reduced number of proliferating chondrocytes, early hypertrophy and subsequent death of chondrocytes, and, associated premature bone formation. The effect of PTHrP on chondrocyte maturation in vivo may correlate with the effect of PTH in vitro to inhibit induction of alkaline phosphatase and matrix calcification in cultures of rabbit growth plate chondrocytes ).
The mechanism whereby expression of the PTHrP gene regulates chondrocyte proliferation and differentiation remains to be determined. Local production and action of PTHrP may well mediate these activities. Both the PTHrP ligand (Moniz et al. 1990; Campos et al. 1991; Senior et al. 1991) and the receptors for amino-terminal PTH (and corresponding mRNAs) have been found in the growth plates of developing bone (Barling and Bibby 1985; Lee et al. 1992) .
The accelerated endochondral ossification of the mutant skeleton is another striking aspect of the PTHrPdeficient phenotype. Precocious development of osteoblasts overlying the hypertrophic chondrocytes appears to be coupled to the acceleration of cartilage differentiation in the mutant mice. This leads to accelerated perichondrial bone development. In contrast, bones that are not formed over a cartilage mold, such as the parietal bones of the skull, do not develop prematurely in the mutant. It seems likely, therefore, that the premature bone formation over cartilage results from signals associated with accelerated differentiation of the chondrocytes. Such signals would provide a needed mechanism for the coordination between maturation of cartilage and the formation of bone on the cartilage surface. Thus, PTHrP could serve to modulate, directly or indirectly, the intricate interaction between the cartilaginous skeleton and the surrounding perichondrium during the process of endochondral ossification. Moreover, PTHrP appears to be involved in inhibiting promiscuous ossification from taking place, as exemplified by the striking anomalies observed at the hyaline rib cartilage of the PTHrP homozygous mutants. Again, this may reflect abnormal differentiation of chondrocytes to hypertrophic cells and the associated, equally abnormal, perichondral bone formation. Alternatively, it is possible that PTHrP modulates the maturation of chondrocytes and osteoblasts independently.
One can speculate that PTHrP may play a role in analogous situations, such as fracture healing, in which chondrocyte development precedes new bone formation, as well. In contrast, as the development of articular cartilage and intervertebral disk cartilage appears normal in the PTHrP-deficient mouse, chondrocytes in these regions may not respond to the same signals as chondrocytes within bone.
The cause of death in PTHrP-deficient mice in the early postnatal period is uncertain. It is tempting to surmise that the observed skeletal abnormalities lead to mechanical problems in respiration. Figure 3d (bottom) , depicting the markedly diminished cross sectional area of the thoracic cage in the homozygous mutant, is certainly compatible with this concept. In other forms of animal (Hepworth et al. 1990 ) and human (Spranger and Maroteaux 1991) skeletal dysplasias, decreased thoracic volume leads to pulmonary hypoplasia. Histologic examination of lungs from PTHrP homozygous mutant mice after natural birth did not reveal any developmental abnormalities. However, the lungs of these animals were not fully expanded. Furthermore, the lungs, removed at the time of delivery, did not float in saline; presumably, initial unsuccessful attempts to breathe may have led to anoxia and eventually to death. Alternatively, abnormalities of the base of the skull or vertebral column could lead to compression of crucial neurological structures. However, histological studies provided no evidence for this possibility. It is possible that PTHrP may act in the brain or elsewhere to mediate functions crucial for survival after birth.
Skeletal dysplasias in mice and humans
The mouse PTHrP gene has been localized to chromosome 6, region F-G (Seldin et al. 1992) . A literature search for naturally occurring mutations mapping to this region has not disclosed any known natural mouse mutants phenotypically similar to the PTHrP-deficient strain. There are, however, several naturally occurring chondrodystrophic mouse mutants (for review, see Johnson 1986) . Although all of these mutants have general features consistent with osteochondrodysplasia (domed skull, shortened long bones), the underlying genetic defects of these heterogeneous disorders for the most part have not been defined.
Attempts to understand the factors that may influence cartilage growth and development using transgenic technology have focused primarily on overexpressing mutated forms of type II collagen (Garofalo et al. 1991; Vandenberg et al. 1991 , Metsaranta et al. 1992 . As expected, these mutations disturbed the assembly and processing of the homotrimeric type II collagen molecule in cartilage, resulting in chondrodysplasia. However, the phenotype associated with absence of PTHrP is distinct from all other forms, both natural and transgenic. In no case has accelerated bone formation been observed as an integral feature of the phenotype, and abnormalities in cartilage differentiation have never been described.
The present study raises the question of whether a direct comparison can be made between the phenotype of the PTHrP-deficient mouse and known human skeletal dysplasias. As with animal models, little is known about the etiology and pathogenesis of most forms of human osteochondrodysplasias (International Working Group on Constitutional Diseases of Bone, 1992). Of those disorders with characterized pattems of inheritence, none has been mapped to chromosome region 12pI2.1-plI.2, where the human PTHrP gene has been localized (Mangin et al. 1988 ). The histological characteristics of long bone growth plate cartilage from PTHrP homozygous mutant mice, however, do bear resemblance to those from patients with achondroplasia, the most common form of human skeletal dysplasia (Jaffe 1972; Briner et al. 1991) . However, the genetic heterogeneity within and between this human disorder and its possible relationship to the phenotype of PTHrP-deficient mice remains to be clarified.
Another form of human skeletal dysplasia that may bear relevance to the present findings is Albright's hereditary osteodystrophy (AHO). Patients with this disorder exhibit a constellation of somatic abnormalities, including foreshortened long bones and domed skull (Albright et al. 1942 ) somewhat similar to those seen in the PTHrP-less mouse. AHO is an autosomal dominant disorder in which one copy of the of the a subunit of stimulatory G protein (Gga) gene is defective (Levine et al. 1988) . Because the PTH-PTHrP receptor signals, at least partly, through activation of G^a (Abou-Samra et al. 1992) , it is conceivable that the skeletal defects associated with AHO may reflect insufficient propagation of signals elicited by skeletal PTHrP. Unfortunately, histological evaluation of the growth plates in this disorder has not been performed, so that possible resemblance of AHO and the PTHrP homozygous mutant phenotype is difficult to evaluate.
The effect of PTHrP deletion on other developing tissues
It is rather puzzling that deletion of the PTHrP gene affects primarily the developing skeleton, as PTHrP expression has been shown in many fetal tissues (Moniz et al. 1990; Campos et al. 1991; Senior et al. 1991; Stolpe et al. 1993) . The effects of PTHrP may be important, but may not lead to striking morphologic changes in most organs. Alternatively, other factors, either local or humoral, may compensate for the absence of PTHrP. A likely candidate that may function as a PTHrP-like factor is PTH. Circulating PTH may itself serve as ligand for the PTH-PTHrP receptor and thereby mitigate the effects of PTHrP deficiency. Why might cartilage be exempted horn this effect of PTH (or other PTHrP-like factors)? Several explanations are plausible. Cartilage has a rather high synthetic and proliferative rate but a poor supply of nutrients, obtained primarily by diffusion. Such an anatomic arrangement may limit the ability of humoral factors from reaching their sites of action. Alternatively, circulating levels of PTH may not be sufficient to mimic critical, particularly high, local concentrations of PTHrP. Furthermore, the effects of PTHrP on bone may be mediated by receptors that do not recognize PTH.
Fetal PTH cannot, however, be the sole factor mitigating the loss of PTHrP. PTHrP is synthesized in the preimplantation mouse embryo, long before fetal PTH is synthesized. In the blastocyst, PTHrP is found in the first endoderm derivatives of the inner cell mass and, subsequently, in the trophectoderm cells; this early synthesis of PTHrP suggests a paracrine or autocrine role for the PTH-PTHrP receptor signaling system in parietal endoderm differentiation (Stolpe et al. 1993) . At this early stage, it is possible that maternal PTHrP or PTH may be able to complement a fetal PTHrP deficiency. Alternatively, completely separate signaling systems may be able to substitute for PTHrP, as functional redundancy appears to represent a general phenomenon in complex developmental processes.
Materials and methods
Generation of a PTHTP probe and cloning of the murine PTHrP gene
The primers used to amplify axon III of the rat PTHrP gene were derived from genomic exonic sequences jKaraplis et al. 1990 ). The sense oligonucleotide was PLP-1 (5'-CGC GCG GTG TCT GAG CAC GAG CTA CT-3'), and the antisense oligonucleotide was PLP-2 (5'-GCT GGG CTC GAG GGA GGT CGA GGT CG-3'). Amplification was carried out in a final volume of 100 (xlin 1 X PCR buffer [10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCli, 0.01% gelatinl, 200 [LM dNTPs, 1 ^J, M of each primer, 2 MLg of rat genomic DNA as template, and 25 U/ml of Tag polymerase (Cetus) under a layer of paraffin oil. PCR cycling was for 4 min at 92°C, 2 min at 65°C, and 2 min at 72°C for 30 cycles. The amplified 414-bp product was subcloned in pGEM-7 (Promega) and used as a probe to screen an EMBL3 BALB/c mouse genomic library (Clontech Laboratories Inc., Palo Alto, CA). Individual clones were plaque-purified, and J^f^hol-restricted fragments were subcloned into Sail sites in pGEM-2 (Promega) for restriction mapping and sequencing. Nucleotide sequences were determined by the dideoxy chain termination method (Sanger et al. 1977) . Clone X-18 used for the construction of the targeting vector contained -15 kb of mouse genomic DNA, including exons IV and V of the murine PTHrP gene (see Fig. 1 ) (Mangin et al. 1990 ).
Construction of a PTHrP targeting vector
A 5.2-kb Xhol genomic fragment containing exon IV of the PTHiP and skeletal development PTHrP gene was isolated from A.-18 and subcloned into the Sail site of pGEM-2. The plasmid was digested, and a 3.5-kb Pstl fragment consisting of sequences 5' to exon IV was purified. The ends of this fragment were made blunt with Klenow polymerase and ligated to a similarly treated Xhol site in the pPNT plasmid (Tybulewicz et al. 1991) . Both Xhol sites were regenerated with this procedure in the resultant plasmid, pPNT/Psfl. Phage \-18 DNA was digested to yield a 4.6-kb Sad fragment containing sequences 3' to exon IV and exon V of the PTHrP gene. This fragment was subcloned into the Sad polylinker site of pGEM-2 and the resulting plasmid was digested with Sam HI. The 1.0-kb BamHl fragment containing exon V was removed to be used as a probe (probe A), whereas the BamHl sites in the plasmid were modified by the addition of £coRl linkers and religated. Restriction digestion of this plasmid produced a 3.6-kb £coRI fragment that was subcloned into the EcoRI polylinker site of pPNT/Pstl. In this construct the transcriptional orientation for the neo'^ gene was the same as for the PTHrP gene. The resulting plasmid, designated as pPNT-PTHrP, was linearized at the unique NotI site in the pPNT backbone before electroporation.
Tissue culture, tiansfection, and selection D3 ES cells were grown on gelatin-coated dishes on a feeder layer of mitotically inactivated |-y-irradiated with 1500 rads for 30 min) primary embryonic fibroblasts. The feeder cells were prepared essentially as described (Robertson 1987 ) from 13.5-day-old embryos derived from matings of BALB/c female mice with males homozygous for replacement of the pi'microglobulin gene with the bacterial neo' gene (Zijlstra et al. 1989 ). This permitted the feeders to survive G418 selection. D3 cells were grown in complete ES medium [Dulbecco's modified Eagle medium containing 15% fetal calf serum, nonessential amino acids, 0.1 mM p-mercaptoethanol, penicillin/streptomycin and 1000 U/ml of leukemia inhibitory factor] at 37°C and 5% CO2.
For electroporation, 8x10^ exponentially growing ES cells were trypsinized, resuspended in 0.8 ml HBS [137 mM NaCl, 5 mM KCl, 0.7 mM Na2HP04, 6 mM glucose, 20 mM HEPES (pH 7.1)] containing 0.1 mM p-mercaptoethanol and 30 |xg of linearized pPNT-PTHrP targeting vector, and electroporated with a Bio-Rad Gene Pulser at 400 V, 25 |xF at room temperature. The cells were then added to nonselective medium and plated on feeder cells on 90-mm dishes for 36 hr. After this recovery period, selection was started with G418 (300 |xg/ml) for 9 days and FIAU (0.2 P-M) for only the first 5 days of selection. Doubly resistant ES clones were isolated and transferred in 24-well plates with embryonic fibroblast feeder layer cells and expanded to 70% confluency in the presence of 300 M-g/nil of G418. The cells from each well were trypsinized, and one-half was frozen, whereas the rest were expanded in the absence of a feeder layer for DNA preparation.
Identification of homologous recombinant clones
Cells were lysed at 37°C in 400 \JA of lysis buffer (10 mM TrisHCl, 1 mM EDTA, 0.1 M NaCl, 1% SDS, and 0.5 mg/ml of proteinase K) for 16 hr. After phenol extraction and ethanol precipitation, ~5 |xg of genomic DNA was subjected to restriction enzyme digestion with £coRI, fractionated on an 0.7% agarose gel, and transferred to nitrocellulose membranes. Hybridization with the 1.0-kb BamHl-Sad fragment (probe A) (Fig. la) was carried out according to standard procedures (Sambrook et al. 1989) . ES clones identified as positive were thawed and reexpanded once without drug selection. Exponentially growing ES cells were trypsinized and divided in aliquots. One was used for further analysis by genomic Southern blotting, whereas the rest were frozen and used subsequently for blastocyst injections.
Generation of chimeric mice
Aliquots of successfully targeted ES clones were plated on embryonic fibroblast feeder layers in complete ES medium and allowed to reach 60-70% confluence before injection. Chimeras were generated as described by Bradley (1987) . Briefly 12-17 ES cells were injected into the blastocoele cavity of 3.5-day-old blastocysts that were flushed from the uterine horns of naturally mated C57B1/6 females. Injected blastocysts were allowed to recover in DMEM containing 10% FCS for 1-2 hr at 37°C before transfer to uteri of 2.5-day postcoitum, pseudopregnant B6D2F, recipients. Pups were bom after 17 days and were scored with respect to chimerism, as judged visually by the presence of agouti pigmentation in the coat 10 days later.
Preparation of genomic DNA
Pieces of tail or yolk sac were placed in 500 M-I of TNE buffer [Tris-HCl (pH 8.5), 5 mM EDTA, 0.2% SDS, 200 mM NaCl] containing 100 ]i.g/Tnl of proteinase K and incubated with agitation at 55°C for 8-16 hr. Genomic DNA was precipitated once with isopropanol, resuspended in water, phenol-choroform extracted, and ethanol precipitated. Generally, the DNA was resuspended in 100 jil of TE buffer and 10 ^,1 (-~5 |xg) were used subsequently for Southern blot analysis.
Histology and tissue preparation
Fresh tissue samples were obtained from fetuses derived from heterozygous matings and delivered at day 18.5 of gestation. For histology, fetuses were fixed in buffered 10% formalin. After fixation, tissues and internal organs (calvarium, brain, pituitary, skin, trachea, lung, esophagus, stomach, small and large intestine, liver, speen, pancreas, kidney, urinary bladder, heart, blood vessels, adrenals, thyroid, parathyroid, thymus) were embedded in paraffin, sectioned (5-10 |xm thick), and stained with hematoxylin-eosin (H&.E). Carcasses were decalcified in neutral 40% EDTA, and samples from different parts of the skeleton were embedded in paraffin. Sections 5-10 (xm thick were cut from several levels of the block. Sections of skeletal samples were stained with H&.E, and selected samples were stained with van Gieson's trichrome stain.
For staining and visualization of whole skeletons, fetuses were dissected and stained with alizarin red S or alcian blue, or both, as described previously (McLeod 1980) . marked "advertisement" in accordance with 18 USC section 1734 solely to indicate this fact.
